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(g) Counterelectrode for smart window and smart window. 

(57) A counterelectrode for a smart window con- 
tains a transparent substrate and a linear eleo- 
trically conductive material formed on a surface 
of the transparent substrate. The electrically 
conductive material has a surface area of not 
less than 10 m 2 /g. A smart window contains an 
electrochromic electrode having a layer of an 
electrochromic material formed on its surface, 
and a layer of an electrolyte arranged between 
the counterelectrode and the electrochromic 
electrode and in contact with the layer of the 
electrochromic material. 
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BACKGROUND OF THE INVENTION 

This invention relates to a counterelectrode for a 
smart window based upon electrochromism, and the 
elecrtrochromic device or smart window having the 
countrelectrode as one of its constituent elements. 

In recent years, the development in an electro- 
chromic element based upon electrochromism, refer- 
red to herein as a smart window, is proceeding briskly. 
The smart window usually comprised of an electro- 
chromic material and an electrolyte sandwiched be- 
tween a transparent electrode and a counterelec- 
trode, is a device which changes color with good color 
contrast on current conduction and current interrup- 
tion. That is, when the current is supplied to the smart 
window, its electrochromic material is colored and, 
once it is colored, it is not bleached, that is it does not 
lose color, and can only be bleached when the current 
is caused to flow in the reverse direction. The smart 
window is expected to be used in future in a variety 
of applications, because it is not in need of the electric 
power except during coloring and during bleaching, 
and can be controlled more easily than a liquid crystal 
display device. 

An electrochromic material for the smart window 
which is colored by reduction, such as W0 3 , Mo0 3 , 
V 2 0 5 , Nb 2 0 6 or Ti0 2f and an electrochromic material 
which is colored by oxidation, such as Cr 2 0 3 , Mn0 2( 
CoO or NiO, have been employed. If such electro- 
chromic material is used as one of the electrodes, it 
is required that the other electrode mounted facing 
the above-mentioned electrode with the electrolyte 
in-between, be transparent or light-transmitting or be 
colored in a complementary manner when driving the 
device in operation. 

If an ITO glass commonly used as a transparent 
electrode of a common smart window is used as a 
counterelectrode of the smart window, the electro- 
chromic efficiency becomes insufficient because of a 
smaller electrochemical capacity per unit area. If the 
electrical voltage applied across the electrodes is 
raised for improving the electrochromic efficiency, 
the cycle life of the coloration and bleaching cycles of 
the smart window is diminished. 

Also, with a view to producing a smart window 
having a high electrochromic efficiency, it has been 
proposed in, for example, Japanese Laid-Open Pa- 
tent Publications Nos. 62-151826 (1987), 62-204235 
(1987) and 1-226122 (1 989) to make combined use of 
an electrochromic material colored by reduction and 
an electrochromic material colored by oxidation with- 
in the inside of one and the same smart window. 

However, none of the above-described prior-art 
materials or methods is as yet fully satisfactory as to 
the cycle life of the coloration and bleaching cycles 
under conditions of the higher electrochromic effi- 
ciency. 



SUMMARY OF THE INVENTION 

It is therefore an object of the present invention 
to provide a counterelectrode for a smart window 
5 which is substantially transparent and which has a 
sufficiently high electrochemical capacity per unit 
area. 

It is another object of the present invention to pro- 
vide a smart window with which it is possible to ach- 
10 ieve a high electrochromic efficiency without limita- 
tion as to the type of the electrochromic material and 
which is superior in the cycle life of the coloration and 
bleaching cycles. 

According to the present invention, there is pro- 
fs vided a counterelectrode for a smart window compris- 
ing a transparent substrate and a linear electrically 
conductive material formed on a surface of the trans- 
parent substrate, the electrically conductive material 
having a surface area of not less than 10 rr^/g. 
20 According to the present invention, there is also 
provided an electrochromic device or smart window 
having a transparent substrate and a linear electrical- 
ly conductive material formed on a surface of the 
transparent substrate and having a surface area of 
25 not less than 10 m 2 /g, an electrochromic electrode 
having a layer of an electrochromic material formed 
on its surface, and a layer of an electrolyte arranged 
between the counterelectrode and the electrochrom- 
ic electrode and in contact with the layer of the elec- 
30 trochromic material. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig.1 is a plan view showing a counterelectrode 
35 having layers of an electrically conductive material 
formed thereon in the form of lengthwise stripes. 

Fig.2 is a plan view showing a counterelectrode 
having layers of an electrically conductive material 
formed thereon in the form of lateral stripes. 
40 Fig.3 is a plan view showing a counterelectrode 
having layers of an electrically conductive material 
formed thereon in the form of a grid. 

Fig.4 is a cross-sectional view of a smart window 
for general illustration prepared in the Example of the 
4$ present invention. 

PREFERRED EMBODIMENTS OF THE 
INVENTION 

so The present invention will be described in detail 
hereinbelow. 

The counterelectrode for the smart window ac- 
cording to the present invention includes a linear elec- 
trically conductive material on the surface of a trans- 
55 parent substrate. 

There is no particular limitation to the transparent 
substrate if it exhibits transparency and a smooth 
surface. The constituent material, thickness, size or 
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shape may be selected suitably depending upon the 
usage and application. It is also not essential that the 
transparent substrate be electrically conductive. 
Specifically, the transparent substrate may be enum- 
erated by a substrate of glass, an ITO (indium tin ox- 
ide) glass, an ITO glass substrate on which an elec- 
trochromic material, such as NiO, Cr 2 0 3 or CoO, is va- 
por deposited, and plasticf ilms, such as films of poly- 
ester, polysulfone, cellulose triacetate, polycarbon- 
ate, polyimide, polystyrene or polymethylpentene, on 
which electrochromic materials, such as NiO, Cr 2 0 3 
or CoO, is optionally vapor deposited. Most preferred 
is a substrate of glass or ITO glass or a substrate of 
ITO glass on which is deposited an electrochromic 
material, such as NiO, Cr 2 0 3 or CoO. 

In the counterelectrode for the smart window ac- 
cording to the present invention, the electrically con- 
ductive material provided on the surface of the trans- 
parent substrate has an area of not less than 1 0 nvVg, 
preferably 50 to 5000 m 2 /g and most preferably 300 
to 4000 m 2 /g. There is no particular limitation to the 
electrically conductive material if it exhibits electrical 
conductivity preferably of not lower than 1 0- 2 fi- 1 cm- 1 , 
more preferably of not lower than 10~ 1 fir 1 cm- 1 . The 
electrically conductive material may be enumerated 
by porous carbon, electrically conductive polymeric 
material, or a mixture thereof. With the area of the 
electrically conductive material less than 10 m 2 /g, 
sufficient coloring efficiency cannot be achieved if 
the material is used for the smart window. 

The porous carbon that may be employed as the 
electrically conductive material includes activated 
charcoal. Such activated charcoal may be in the pow- 
der or fiber form, and may be produced by carbonizing 
and activating coconut husk, petroleum pitch, phenol- 
ic resin, rayon, phenol fibers or polyacrylonitrile fib- 
ers, by way of examples. 

The electrically conductive high molecular mate- 
rial includes such material composed mainly of poly- 
aniline, polythiophene, polypyrrole, polyphenylene vi- 
nylene or polyacene and processed with doping. Por- 
ous metal oxides, such as porous NiO, Cr 2 0 3 , CuO, 
Al 2 0 3 or Si0 2 may be mixed into the electrically con- 
ductive material. 

The electrically conductive material is formed lin- 
early on the surface of the transparent substrate. The 
line width or the line array of the linear electrically 
conductive material may be optionally selected de- 
pending on the type of the material, the volume or the 
usage of the electrochromic material or the quality of 
the electrochromic device, without any limitation, if 
within a range which is not obstructive to the trans- 
parency or light transmittance required of the counter- 
electrode in its entirety. However, the line width of the 
electrically conductive material is preferably 50 to 
5000 urn and more preferably 100 to 2000 urn. If 
clearness of the landscape or the image transmitted 
or the high definition of the reflected image is partic- 



ularly desired, plural parallel lines of the electrically 
conductive material having the same line width may 
preferably be formed on the transparent electrode. 
The distance between neighboring lines, which may 

5 be optionally set in consideration of the aesthetic fea- 
ture and the capacity of the counterelectrode, is usu- 
ally 1 mm to 10 cm and preferably 5 mm to 5 cm. The 
plural parallel lines of the electrically conductive ma- 
terial may also intersect one another at a pre-set an- 

10 gle. 

Figs.1 to 3 illustrate certain examples of the lin- 
ear electrically conductive material. Fig.1 shows, in a 
plan view, an electrically conductive material 10b ar- 
ranged as lengthwise stripes formed on a transparent 
is substrate 10a, while Fig.2 shows, in a plan view, an 
electrically conductive material 20b arranged as lat- 
eral stripes formed on a transparent substrate 20a. 
Fig.3 shows, similarly in a plan view, an electrically 
conductive material 30b formed as a grid on a trans- 
20 parent substrate 30a. 

There is no particular limitation to the method of 
preparing the counterelectrode for the smart window 
according to the present invention. In general, the 
counterelectode may be prepared by a method of mix- 
25 ing the above-mentioned specified electrically con- 
ductive material with a binder to form a paste which 
is then printed on the surface of the transparent sub- 
strate by screen printing, a method of bonding the 
above-mentioned specified electrically conductive 
30 material in the f iber form onto the transparent sub- 
strate surface with an electrically conductive adhe- 
sive, or a method of charging a paste mixture com- 
posed of the above-mentioned specified electrically 
conductive material and the binder into a groove pre- 
35 viously formed in the transparent substrate surface 
and removing excess paste using a spatula or the 
like. 

There is no particular limitation to the binder if it 
is inert to and insoluble in an electrolytic solution after 
40 curing. The binder may be enumerated by polymeric 
solid electrolytes, epoxy resins, polystyrol, carboxy- 
methyl cellulose or the like. 

The electrochromic device or smart window ac- 
cording to the present invention includes a countere- 
45 lectrode having the linear electrically conductive ma- 
terial, an electrochromic electrode having an electro- 
chromic layer formed on its surface, and a layer of an 
electrolyte arranged between the counterelectrode 
and the electrochromic electrode. 
50 The electrolyte may be a liquid electrolyte or a 
polymeric solid electrolyte, as may be optionally se- 
lected according to the usage and application. The liq- 
uid electrolyte may be enumerated by a solution pre- 
pared by dissolving alkali metal salts or quaternary 
55 ammonium salts in an organic solvent, such as, for 
example propylene carbonate, ethylene carbonate, 
sulfolane, y-butyrolactone, dimethylformamide, di- 
methylsulfoxide, ethylene carbonate, tetrahydrofur- 
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ane or dimethoxyethane. The polymeric solid electro- 
lyte may be enumerated by a polymeric solid electro- 
lyte prepared by dissolving alkali metal salts or qua- 
ternary ammonium salts in a polymer matrix such as, 
for example polyethylene oxide or polyoxyethyiene 
glycol polymethacrylate. 

The electrochromic electrode may be prepared 
by forming a layer of an electrochromic material on 
the surface of the transparent electrically conductive 
electrode. For example, the electrochromic electrode 
may be prepared by forming a layer of an electro- 
chromic material by vacuum deposition, vacuum de- 
position by an electron beam or sputtering on the 
electrically conductive surface of an ITO glass used 
as the transparent electrically conductive substrate. 

The electrochromic material may be enumerated 
by substances colored by reducion, such as W0 3 , 
Mo0 3 , V 2 0 5f Nb 2 0 5 or Ti0 2 , or substances colored by 
oxidization, such as Cr 2 0 3 , Mn0 2 , CoO or NiO. 

If the liquid electrolyte is employed as an electro- 
lyte in preparing the electrochromic device, it may oc- 
casionally be desirable to arrange an insulating layer 
between the electrochromic electrode and the coun- 
terelectrode for preventing shorting between the 
electrodes. There is no particular limitation to the 
shape or the constituent material of the insulating lay- 
er if the latter is capable of preventing shorting be- 
tween the electrodes without impairing ion conductiv- 
ity between the electrodes, light transmittance of the 
smart window in its entirety or reactivity of the elec- 
trodes with the electrolytic solution. Specifically, an 
electrically insulating transparent oropaquef ilm(s) or 
layer(s) is preferably arranged on a linear portion of 
the electrically conductive material. The insulating 
film may preferably be enumerated by a polyester 
film, a polyethylene film or a polypropylene film. 

If the solid electrolyte is employed in the prepa- 
ration of the electochromic device, the insulating layer 
may be eliminated if the solid electrolyte is not con- 
ductive to electrons. However, the insulating layer is 
required if the solid electrolyte exhibits conductivity 
to electrons. 

The counterelectrode for the electrochromic de- 
vice or smart window according to the present inven- 
tion has the electrically conductive material of a larger 
capacity having a specified surface area in the linear 
form, so that the counterelectrode exhibits a high 
electrochromic efficiency despite the lower applied 
voltage, when combined with a variety of electro- 
chromic materials, as a result of which the countere- 
lectrode is superior in the service life in terms of the 
number of coloring and bleaching cycles. Also, the 
electrochromic device or smart window of the present 
invention employing the above-mentioned specified 
counterelectrode, has a high electrochromic efficien- 
cy and superior service life in terms of the number of 
coloring and bleaching cycles. Thus, the smart win- 
dow may be employed for various usage and applica- 
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tion, such as for a car glass, building windows or par- 
titions. 

EXAMPLES OF THE INVENTION 

5 

The present invention will now be explained in 
further detail with reference to Examples and Com- 
parative Examples, which are given only by way of il- 
lustration and are not intended for limiting the inven- 
10 tion. 

Referring to Fig.4, a smart window prepared in 
the Examples of the present invention is explained. 
Fig.4 shows, in a cross-sectional view, a smart win- 
dow 40 comprised of an ITO glass 41 a, a linear elec- 
ts trically conductive material 43 formed on the ITO 
glass 41a and an insulating layer 44 formed on the 
electrically conductive material 43 for providing a 
counterelectrode. On the other hand, an electro- 
chromic material 42 is vapor-deposited on another 
20 ITO glass 41b for providing an electrode of an elec- 
trochromic material (electrochromic electrode). The 
counterelectode and the electrochromic electrode 
are stacked together with an electrolyte 45 in-be- 
tween. The electrolyte 45 is sealed by a sealant 46 
25 between the counterelectode and the electrochromic 
electrode. The electrically conductive material 43 is 
formed as stripes or a grid as described in the follow- 
ing Examples. 

30 Example 1 

Preparation of Counterelectrode 

On an ITO glass, 10 cm x 10 cm in size, fibers of 
35 activated charcoal (produced by GUN El CHEMICAL 
INDUSTRY CO. LTD. having surface area of 1500 
m 2 /g were bonded in the form of a grid as shown in 
Fig.3, using an electrically conductive adhesive pre- 
pared by TOKURIKI KAGAKU KENKYUSHO under 
40 the trade name of "Silvest P-255". The shape of the 
grid of the fibers of activated charcoal was of a grid 
line interval of 2 cm and a grid line width of 0.8 mm. 
The amount of the fibers of the activated charcoal 
was 0.85 mg/cm. A polyester film was then bonded on 
45 the fibers of activated charcoal as an insulating layer 
to complete a counterelectrode. 

Preparation of Electrochromic Electrode 

50 On an ITO glass, 1 0 cm x 1 0 cm in size, W0 3 was 
deposited at room temperature under vacuum to have 
a thickness of approximately 5000 A under the condi- 
tion of 20 to 30 A/second to prepare an electrochrom- 
ic electrode. 

55 

Preparation of Electrochromic Device 

The electrochromic electrode was placed facing 
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the counterelectrode and the four sides of the result- 
ing assembly were sealed with an epoxy resin sealant 
with a width of 5 mm. Asoiution of LiCI0 4 in propylene 
carbonate (1M/lit.) t as an electrolytic solution, was 
charged in vacuum into the inside of the assembly 
and an injection port was sealed with epoxy resin. A 
lead wire was connected to each of the electrochrom- 
ic electrode and the counterelectrode to complete the 
smart widow. The properties of the smart window thus 
prepared were evaluated by the following tests. 

Coloring Test 

An electrical voltage of 1 V was applied across 
the electrochromic electrode as a negative electrode 
and the counterelectrode as a positive electrode. It 
was seen that the smart window was colored to have 
a uniform blue color. The optical density during colo- 
ration was 1 .08. 

Bleaching Test 

An electrical voltage of 1 V was then applied 
across the electrochromic electrode as a positive 
electrode and the counterelectrode as an negative 
electrode. It was seen that the coloration disappeared 
quickly. The optical density at this time was 0.20. The 
difference between the optical density during the 
state of coloration and that on bleaching was 0.88, 
thus testifying to sufficient coloration and bleaching 
effects. 

Cyclic Test 

The coloring and bleaching tests were carried out 
each 1 ,000 times. It was seen that the cyclic charac- 
teristics were highly stable and no bleaching nor low- 
ering in response or difference in the optical density 
was noticed. 

Comparative Example 1 

A smart window was prepared in the same way as 
in Example 1 , except that a grid of the activated char- 
coal fibers was not provided in the counterelectrode. 
The electrochromic device thus prepared was driven 
under the same conditions as those used for Example 
1 . It was seen that the electrochromic efficiency was 
only poor, with the difference in the optical density be- 
tween the coloring anf bleaching states being 0.21. 

Example 2 

On an ITO glass 10 cm x 10 cm in size, fibers of 
activated charcoal (produced by GUN El CHEMICAL 
INDUSTRY CO. LTD.), having a surface area of 1 500 
m 2 /g, were bonded in the form of lateral stripes as 
shown in Fig.2, using the same electrically conductive 



adhesive as that used in Example 1. The stripe line 
interval of the fibers of activated charcoal was 1 cm, 
with the stripe line width being 0.5 mm. The amount 
of the fibers of the activated charcoal was 0.40 

5 mg/cm. A polyester film was then bonded on the fib- 
ers of activated charcoal as an insulating layer to 
complete a counterelectrode. 

A smart window was prepared using the same 
electrochromic electrode and the same electrolytic 

10 solution as those used in Example 1 , and was driven 
in operation under the same conditions as those used 
in Example 1 . It was found that the electrochromic ef- 
ficiency was satisfactory, with the difference be- 
tween the colored and bleached states being as high 

15 as 1.03. After the cyclic test consisting of 1 ,000 col- 
oring tests and 1 ,000 bleaching tests, there occurred 
no remnant coloration nor lowering in the response or 
in the difference in the optical density, and the cyclic 
characteristics were found to be highly stable. 

20 

Example 3 

On an ITO glass, 10 cm x 10 cm in size, polypyr- 
role powders with a surface area of 73 m 2 /g obtained 

25 by electrolytic polymerization were bonded in the 
form of lateral stripes shown in Fig.2, using the same 
electrically conductive adhesive as that used in Ex- 
ample 1. The stripe line interval and the stripe line 
width were 1 cm and 0.5 mm, respectively, while the 

30 amount of the polypyrrole powders was 0.65 mg/cm. 
A polyester film was then bonded as an insulating film 
on the polypyrrole layer to complete a counterelec- 
trode. 

A smart window was then prepared using the 
35 same electrochromic electrode and the same electro- 
lytic solution as those used in Example 1, and was 
driven in operation under the same conditions as 
those used in Example 1. It was found that the eleo 
trochromic efficiency was satisfactory with the differ- 
40 ence between the state of coloration and that of 
bleaching being as high as 0.96. After the cyclic test 
consisting of 1,000 coloring tests and 1,000 tests of 
bleaching, there occurred no remnant coloration nor 
lowering in the response or in the difference in the 
45 optical density, and the cyclic characteristics were 
found to be highly stable. 

Comparative Example 2 

so A smart window was prepared in the same way as 
in Example 1 , except that the fibers of activated char- 
coal in Example 1 were replaced by a copper wire 
having a diameter of 0.5 mm and a surface area of 
8.93 x 10^-m 2 /g. The electrochromic device thus pre- 
ss pared was driven in operation under the same condi- 
tions as those used for Example 1. It was seen that 
the electrochromic efficiency was only poor with the 
difference in the optical density during the state of 
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coloration and the state of beaching being 0.27. 
Comparative Example 3 

On an ITO glass, 10 cm x 10 cm in size, graphite 
powders with a surface area of 5 m 2 /g were bonded 
in the form of lateral stripes shown in Fig.2, using the 
same electrically conductive adhesive as that used in 
Example 1. The stripe line interval and the stripe line 
width were 1 cm and 0.5 mm, respectively, while the 
amount of the graphite per stripe line was 0.55 
mg/cm. A polyesterf ilm was then bonded as an insu- 
lating film on the graphite layer to complete a coun- 
terelectrode. 

A smart window was prepared using the same 
electrochromic electrode and the same electrolytic 
solution as those used in Example 1 . The smart win- 
dow thus prepared was driven in operation under the 
same conditions as those used for Example 1. It was 
seen that the electrochromic efficiency was only poor 
with the difference in the optical density during the 
state of coloration and the state of beaching being 
0.27. After the cyclic test consisting of 1 ,000 coloring 
tests and 1,000 bleaching tests, remnant coloration, 
the lowering in the response and in the difference in 
the optical density were noticed. 



Claims 

1 . A counterelectrode for a smart window compris- 
ing a transparent substrate and a linear electri- 
cally conductive material formed on a surface of 
said transparent substrate, said electrically con- 
ductive material having a surface area of not less 
than 10m 2 /g. 

2. The counterelectrode as claimed in claim 1 
wherein said linear electrically conductive mate- 
rial has a line width of 50 to 5,000 urn. 

3. The counterelectrode as claimed in claim 1 
wherein said linear electrically conductive mate- 
rial includes a plurality of parallel lines having the 
same line width. 

4. The counterelectrode as claimed in claim 3 
wherein said parallel lines having the same line 
width intersect one another at a pre-set angle. 

5. A smart window comprising: 

a counterelectrode having a transparent 
substrate and a linear electrically conductive ma- 
terial formed on a surface of said transparent 
substrate, said electrically conductive material 
having a surface area of not less than 10 m 2 /g, 

an electrochromic electrode having a lay- 
er of an electrochromic material formed on its 



surface, and 

a layer of an electrolyte arranged between 
said counterelectrode and said electrochromic 
electrode and in contact with said layer of the 
5 electrochromic material. 
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